The natural clay bentonite (B) as adsorbent of lead cations was studied. To enhance its adsorption capacity, the coating by iron oxide particles, in two selected weight ratios: 2:1 (BM1) and 4:1(BM2), was used. The changes of the textural and surface parameters after the modification were studied by the low temperature nitrogen adsorption, XRD and SEM method, Mössbauer spectroscopy. The Pb(II) adsorption experiments were studied under the different conditions, such as pH of the model solutions, contact time and initial metal ion concentration. Higher adsorption rates of BM1 and BM2 samples were observed for lower initial metal ion concentrations.
INTRODUCTION
composite materials, which could be also used for the environmental purposes as adsorbents of the organic and inorganic compounds and metal ions [22] [23] [24] [25] . This paper deals with the structural and surface characterization of composite materials prepared by magnetic modification of the natural clay and their application as potential adsorbents of heavy metal cations. 4 (Ca 0.42 Mg 0.04 Na 0.01 K 0.01 ), originated from the Slovak deposit Jelšový potok [26] . The composite materials were prepared by the method of precipitation of the iron oxide on the bentonite surface from the solution of FeSO 4 .7H 2 O and FeCl 3 .6H 2 O (with ratio of Fe 3+ /Fe 2+ = 2) in acidic condition by continuous stirring for 0.5 h in the nitrogen atmosphere at the ambient temperature [27] . The bentonite was mixed into the solution of ferrous and ferric salts prior to the reaction with NH 4 OH and its amount was adjusted to obtain the bentonite/iron oxide weight ratios 2:1 and 4:1 (denoted BM1 and BM2 respectively). Then the dark brown suspension was stirred for half an hour. The final products were washed with deionised water, filtrated and dried at 70 °C.
EXPERIMENTAL
The powder X-ray diffraction (XRD) patterns of natural bentonite and composite materials were recorded using a Philips PW1820 diffractometer (The Netherlands) equipped with a CuKα radiation (40 kV, 40 mA). The data were analysed using Philips Software, X'PertHigh Score with PDF-2 Database.
The Mössbauer measurements were made in transmission geometry. A 57 Co/Rh-ray source was used. The velocity scale was calibrated relative to 57 Fe in Rh. Mössbauer spectral analysis software "Recoil" [28] was used for the quantitative evaluation of the spectra. The Voigt-based fitting method was applied for all spectra to determine the line positions, line widths and peak intensities.
The value of magnetization of the samples was determined by the superconducting quantum interference device (SQUID) magnetometer measurement. The value of saturation magnetization was determined at the maximum field of 50 kOe.
The morphology of the natural bentonite and composite samples was observed by the field emission scanning electron microscope TESCAN MIRA3 (TESCAN, s.r.o. Brno, Czech Republic).
Surface properties of studied samples were determined from the adsorption and desorption isotherms measured with the NOVA 1200e Surface Area & Pore Size Analyzer (Quantachrome Instruments, USA) by the method of physical adsorption of nitrogen at -196 °C. First, the samples were degassed at 100 °C in a vacuum oven under a pressure lower than 2 Pa for 16 hours. The measured data were processed by the BET (Brunnauer-Emmet-Teller) isotherm in the range of relative pressure 0.05-0.3 to obtain the value of specific surface area (S A ). The values of external surface (S ext ) and volume of micropores (V micro ) were calculated from the t-plot using the Harkins-Jura standard isotherm. The value of total pore volume (V tot ) was estimated from the maximum adsorption at relative pressure close to saturation pressure. The pore size distribution was obtained from the desorption isotherm using the Barrett-Joyner-Halenda method [29] .
The analytical grade metal salt (Pb(NO 3 ) 2 was used without the further purification. Stock solutions (1000 mg L -1 and 100 mg L -1 ) of Pb(II) were prepared by dissolving the appropriate amounts of nitrate in de-ionized water. The stock solutions were diluted to obtain the standard solutions containing 10-500 mg Pb(II) L -1 . Through the study, the pH of the solutions varied from 2 to 9. The amount of adsorbent mass was stable 1 g L -1 . The suspensions were subsequently filtered using the filter paper, and the supernatant solutions were analyzed by the atomic absorption spectroscopy (AAS, Varian 240 RS/2400). 16 . 67
RESULTS AND DISCUSSIONS

Composites characterization
The XRD measurement of the natural bentonite confirmed the dominant montmorillonite phase in the sample, Fig. 1 . The iron oxide particles were synthesized without the bearer and characterized by same methods to better interpret the changes of the surface and porous structure of bentonite after the modification. The XRD analysis of Fe oxide showed the reflections common for maghemite (γ-Fe 2 O 3 ) and magnetite (Fe 3 O 4 ). The XRD analysis of the composite materials confirmed the occurrence of Fe oxidized phase with reflection on planes (220), (311), (400), (422), (511) and (440). Except that the goethite phase (α-FeOOH) was observed for BM1 and BM2 materials. To determine the present iron oxide phase in the composite samples, Mössbauer spectroscopy was used. The bentonite/iron oxide composites spectra were complexes consisting of the central paramagnetic doublet and one sextet. The intensity of peaks of magnetically and non-magnetically oriented phases showed the dependence on the amount of present iron oxide phases. For the BM2 material, the sextet line was wider and the peaks intensity decreased in comparison to spectrum of BM1 material. Contrary, the intensity of central doublet increased. For the fitting, two sextets and two doublets -two paramagnetic positions of Fe 3+ in bentonite were used [30] [31] [32] . The fitting of the spectra was completed by the third sextet subspectrum, corresponding to the present goethite phase, what was also confirmed by XRD. The demonstrations of fitted Mössbauer spectra are showed on Figs. 2-3 and fitted Mössbauer parameters for BM2 composite material are listed in Table 1 .
The measured value of magnetization of iron oxide synthesized without the bearer was used to calculate the expected mass magnetization of composite samples, Table 2 . The synthesized iron oxide particles showed magnetization of 83.59, which is similar to γ-Fe 2 O 3 [33] , and is smaller than theoretical (87.3 emu/g) confirming the nanoscale character of iron oxide particles. The content of magnetic phase in natural clay depends on the locality of deposit and contributes to whole value of magnetization. Usually it is about 3 -3.5 % of Fe 2 O 3 for this deposit [34] . 
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The measured value of magnetization of iron oxide synthesized without the bearer was used to calculate the expected mass magnetization of composite samples, Table 2 . The synthesized iron oxide particles showed magnetization of 83.59, which is similar to γ-Fe 2 O 3 [33] , and is smaller than theoretical (87.3 emu/g) confirming the nanoscale character of iron oxide particles.
The content of magnetic phase in natural clay depends on the locality of deposit and contributes to whole value of magnetization. Usually it is about 3 -3.5 % of Fe 2 O 3 for this deposit [34] . The presence of trivalent iron in bentonite was confirmed by the XRD and Mössbauer spectroscopy. The values of mass magnetization σ of composites correspond with their content of magnetic phase and are lower than theoretical. It should be caused by the presence of goethite in their structures. A detail of the morphology of BM1 material observed by SEM is shown in Fig. 4 . The presence of iron in the modified sample was also confirmed by EDX analyses. The mapping mode was used for the separation of the composition contrast. The grey spots points represent the iron oxide particles covering the bentonite surface, Fig. 5 . Generally the average size of magnetic particles in composites materials was in the range 10-30 nm. 16 . 70
The surface properties were also studied by the low temperature nitrogen adsorption method. The hysteresis loop between the adsorption and desorption branches of the investigated samples is an evidence of the presence of mesopores in the structures of the natural bentonite and composites. The hysteresis loop observed for the pure iron oxide was similar to type H1, according to the IUPAC report [35] , which is typical for materials with tendency to create agglomerates, what is in agreement with the results obtained from the SEM observations. The present loop is a result of additional sorption process into the interparticles space. The shape of the final parts of the adsorption isotherms of the bentonite and composite materials is related to the occurrence of macropores in studied materials.
Due to the presence of the iron oxide particles, higher volume of adsorbed gas was observed for the BM1 and BM2 materials than for bentonite, Fig. 6 , also the value of total pore volume V a increased after the modification, Table 3 . The value of specific surface area S BET of the bentonite increased almost twice after the modification. The value micropore volume V micro is lower for BM1 and BM2, probably due to restrained access of the nitrogen molecules into some of micropores filled by the agglomerated iron oxide nanoparticles. The mesoporous character of the studied sample was also confirmed by the pore size distribution curves, 16 . 71
Pb(II) adsorption
The metal ion uptake increased in the pH range from 3 to 6, the highest metal uptake was observed for pH 7-10, due to the precipitation of Pb(OH) 2 , Fig. 8 . For the next adsorption experiments the optimal pH equal 5 was selected.
The kinetics of the Pb(II) adsorption was studied during the first 40 minutes of experiment. The metal uptake was analysed in eight different time intervals. It followed from the Fig. 9 that the amount of removed Pb(II) was almost stable in the whole studied time interval for both adsorbents. For the equilibrium adsorption, the 24 hour adsorption interval was chosen.
To analyze the kinetics of the adsorption, the pseudo-second-order model was used to interpret the experimental data, Eq (1):
where q e and q t are the amounts of metal ions adsorbed per unit mass (mg g -1 ) at equilibrium and at any time t, respectively, k is the rate constant for the adsorption process (g mg -1 min -1 ) [36] .
The kinetic parameters for Pb(II) adsorption onto bentonite and composite material BM2 are given in Table 5 . These results indicate that the rate limiting step may be a chemical adsorption. 16 . 72
The equilibrium adsorption isotherms are illustrated in Fig. 10 To analyze the equilibrium data the linearized Langmuir adsorption isotherm was used. The Langmuir model, often applied by various workers for the adsorption of variety of compounds, properly fitted the experimental data in the studied range of the initial concentrations. Its linear form is represented by Eq. (2):
where C e and q e are equilibrium solute concentration and equilibrium adsorption capacity, respectively, Q 0 is Langmuir constant representing maximum adsorption capacity (amount of adsorbed metal ions per 1 gram of sorbent) and b is adsorption equilibrium constant [37] . The obtained parameters are listed in Table 6 . 16 . 73
Different adsorption rates of natural bentonite and composite materials apparent at low concentrations evoked the further study of their sorption efficiency. The removal of heavy metal cations at low concentrations from aqueous environment is generally difficult. In very low metal concentrations, processes such as precipitation (addition of a base to precipitate hydroxides) are not adequate and sufficient [38] . Due to the complexation with inorganic and organic ligands of the water, the final dissolved concentrations are above those expected according to the thermodynamic solubility products of the precipitates [39] . On the other hand, sorption on the commercially activated carbon is effective, but very expensive [40] .
While the equilibrium adsorption capacities q e of the composite materials were almost equal in the whole investigated concentration range, they were evidently higher in comparison to bentonite, Fig.  11 . The effect of Pb(II) adsorption onto bentonite was 63 % , BM1 and BM2 composite material reached 71 and 75 %, respectively.
CONCLUSION
The synthesis of bentonite/iron oxide composites offered to obtain the composite materials, whose properties were affected by the precipitation of maghemite and goethite on the bentonite surface in agglomerated form. The studied composite sorbents showed good affinity to Pb(II) cations, especially for lower initial metal ions concentrations in the solution. They showed to be convenient in disposal of metals cations from the aqueous solutions, where their concentration is very low, but still harmful, as well as for the final purification of pre-treated waste waters. Moreover, magnetic sorbents could be separated from the medium after the adsorption process in high gradient magnetic field [41] . 
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